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Regulation of growth and form in living sys-
tems depends on precise synchronization in
space and time of synthesis, degradation and
organization of structural elements. The long-
range goal is to understand the control proc-
esses.
Current studies are aimed at the mechanisms
of formation, organization and removal of the
major structural element, collagen, in the meta-
morphosing tadpole and certain mammalian
systems which remodel under hormonal control.
The morphologic changes, when correlated with
alterations in collagen turnover, and the nature
and action of collagenolytic enzymes formed in
these tissues have begun to furnish a picture
of synchronized collaboration of different cell
types and a multi-stage process for dismantling
structural proteins.
Structural organization of tissues during
growth, development, regeneration and repair
clearly requires precise synchronization between
synthesis and degradation of structural ele-
ments. The mechanisms, whereby the various
groups of cells engaged in the construction of
a complex anatomical unit such as a bone are
synchronized in time and in space, are the
ultimate goals of these studies. As a first step
it is essential to understand the machinery in-
volved in both biosynthesis and degradation.
Our strategy has been to follow the fate of a
single well-known and major structural com-
ponent of tissues, namely collagen.
Because of the rapid resorption, remodeling
and new growth during thyroxin-induced meta-
morphosis of the anuran tadpole, we have
studied the turnover of various collagen frac-
tions by isotope incorporation in tissues under-
going resorption (tail fin) and remodeling (back
skin). We have simultaneously examined the
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morphologic changes in these tissues by phase
and electron microscopy and radioautography.
We have devised methods for detecting, meas-
uring and isolating a collagenolytic enzyme and
a hyaluronidase from small fragments of tissue
and have applied them to the amphibian tissues
as described above. By this combined approach
we have learned something concerning the
balance of collagen biosynthesis and degradation
and correlated it with the observed morphologic
and chemical events in tail fin and back skin
during metamorphosis.
The following is a summary of results of the
joint efforts of C. M. Lapiere; Y. Nagai; G.
Usuku; Y. Sakai; A. Z. Eisen; H. C. Grub;
M. L. Tanzer; A. Bruschi; J. Silbert and the
author.
Within four days after adding thyroxin to
the aquarium water, the tails of two-year old
bullfrog tadpoles begin to diminish in length.
Within six to nine days, the water content of
the tail fin diminishes 50% doubling the collagen
and DNA concentration.1
Morphologically, the layers of the collagenous
basement lamella were frayed, separated and
invaded by mesenchymal cells normally aligned
below the lamella. By 11 days the collagen
layer was completely disorganized and the
fibrils varied greatly in width. The invading
mesenchyrnal cells were filled with collagen
fibrils and granules of various forms (Usuku
and Gross, 1965), (Gross, 19642). The central
gelatinous core of the fin, which in the non-
metamorphosing state contains a thin scatter-
ing of cells and fibers, fills with cells and
capillaries and loses the ground substance.
Tritiated proline was administered to pre-
metamorphic and thyroxin treated tadpoles and
at intervals from one to 50 hours the total and
specific activities of free and non-collagen pro-
tein bound proline, and total and specific activ-
ities of hydroxyproline isolated from three
collagen fractions (cold neutral salt extractable,
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acid extractable and non-extractable) from
tail fin and back skin, were measured.1 In brief,
the data indicated rapid and nearly equal in-
corporation of label into both neutral soluble
and insoluble collagen fractions. The incor-
poration of label into the acid extractable
collagen, both total and specific activities, oc-
curred at much lower levels. In the meta-
morphosing animal the specific activity of the
insoluble collagen rose well above that of the
neutral soluble fraction, in contrast with the
control and in face of a net loss of insoluble
collagen. Total activity in the two fractions
were the same. We were led to conclude that
during resorption of tail tissue, collagen syn-
thesis continues at the same rate but there is
a selective removal of old "cold" insoluble fibrils
with a temporary sparing of the newly-
deposited "hot" flbrils.
In examining the resorptive process we
searched for a collagenolytic enzyme in extracts
and homogenates of resorbing tail fin—without
success. We define collagenolytic activity by rup-
ture of peptide bonds of native collagen at
physiologic pH (7.0—8.0). Going on the hypoth-
esis that the amounts of active enzyme in
the tissue at any one time are too small to
detect, we grew tissue fragments in culture on
reconstituted gels of radioactive guinea pig
skin collagen with the idea of providing enough
time to allow accumulation of enzyme levels
which would cause visible lysis of the gel and
release of labeled collagen breakdown products.
This approach proved successful.8 Up to 90%
of the substrate was degraded, 50 to 80% be-
coming dialyzable. The assay is quantitative,
using the rate of substrate degradation as a
measure. The tissue and culture media are
sterile, the pH remains at neutrality and the
collagen substrate is not degraded by high
concentrations of proteolytic enzymes.
Killing the tissue by freezing-thawing or
adding low concentrations of puromycin (ca 1
pg/ml) prevents the appearance of enzyme
activity.tm
Collagenolytic activity has been detected by
the collagen gel culture method in mammalian
uterus,4 bone,8 and healing skin wounds.°
Mass cultures of tadpole tail fin and back
skin strips in Tyrode's solution floating on ifiter
paper have yielded an active collagenase in the
culture medium after three days of incubation
which could be demonstrated in a powder ob-
tained from the medium after dialysis and
lyophiization.7 Incubation of the whole crude
powder with extracted collagen at neutral pH
and 25CC. produced a 60—80% fall in viscosity
and the production of about 60—80% of dialyz-
able peptides and amino acids from the degraded
collagen substrate. The enzyme was concen-
trated 300-fold and essentially cleared of non-
collagenolytic protease activity by passage over
Sephadex G-100, followed by ammonium sulfate
fractionation, starch block electrophoresis, and
passage over DEAE cellulose consecutively. The
enzymatic activity was shown to produce a
single narrow band on disc electrophoresis. It
had p11 optimum between seven and nine, was
inhibited by low concentrations of EDTA and
cysteine but not by DFP. It lost activity at 608
for 10 minutes.
The following characteristics of the action of
the purified enzyme on purified extracted calf,
rat and guinea pig skin collagens were ob-
served (Nagai, Lapiere and Gross, 1964; full
manuscripts are being prepared8).
The purified enzyme reduced the specific
viscosity of calf skin collagen solution at pH
7.6 and 25°C., 50% in 100 minutes and 75% in
400 minutes after which it remained unchanged
even upon further addition of enzyme. Intrinsic
viscosity was lowered to 7.9. Specific optical
rotation remained unchanged. Using the disc
electrophoresis technic at pH 448 it was shown
that the bands of a, fi and' components were
each split to form three new faster-moving dis-
crete sets of components plus an increase in
lower molecular weight fragments moving at the
solvent front. Segment long spacings (SLS)
prepared with ATP from the reaction mixture
revealed segments of 75% normal length and
others of 25% normal length, the latter repre-
senting crystallites of a fragment cut off the
"B" end of the molecule at the 8 band (see
Hodge and Schmitt for nomenclature 196110,
Gross and Nagai, 1965h1). N- and C-terminal
analyses of the reaction products revealed 2.5—
2.8 moles of N-terminal leucine and isoleucine
oniy and about the same number of moles of
C-terminal glycine only, per mole of collagen.
This differs markedly from the action of bacte-
rial collagenase which releases only N-terminal
glycine and a large number of C-terminal amino
acids. The tadpole enzyme does not attack the
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synthetic peptide used as substrate for Clostrid-
ium collagenase cbz-gly-pro-leu-gly-pro. The
tadpole enzyme attacks gelatin more exten-
sively again liberating C-terminal glycine only
and N-terminal isoleucine, leucine, alanine,
valine, phenylalanine and a trace of glycine. The
methods of hydrazinolysis and FDNB binding
were used for C-termini and N-termini re-
spectively.
These data all lead to the conclusion that the
purified tadpole collagenolytic enzyme has a
high degree of specificity attacking each of the
three polypeptide chains of the native collagen
molecule at one peptide link, severing off about
25% of the molecule at the "B" end without
causing significant conformational change in the
fragments. The action of the whole living tissue
on native collagen in culture, however, breaks
the molecule down to dialyzable peptides and
amino acids, indicating subsequent attack by
other proteases and peptidases.
In searching for the cells which produce the
collagenolytic enzyme we separated tail fin epi-
dermis from mesenchyme with brief exposure to
elastase and gentle dissection. Clean separa-
tion of tissues on radioactive collagen gels
provided conclusive evidence that the colla-
genolytic enzyme is produced in the epidermis.
By incorporating hyaluronic acid into the
collagen gels and measuring the release of N-
terminal N-acetylhexosamine, we have shown
that there is hyaluronidase activity in the tail
fin tissue and that this is localized in the
mesenchyme and not in the epidermis; thus,
there is a tissue segregation of two enzyme
activities.'
Silbert, Nagai and Gross14 have demonstrated
hyaluronidase activity in the culture media and
direct extracts of fresh tadpole tail fin tissues.
This enzyme behaves like the testicular
hyaluronidase in the nature of the products of
digestion. These products have been isolated by
DEAE cellulose chromatography and identified
by paper chromatography. it is of interest that
the collagenolytic enzyme is unobtainable by
extraction of fresh tissue, in contrast to the
hyaluronidase.
In attempting to pull all this information
together to explain tail fin resorption in meta-
morphosis, we have tentatively hypothesized
that thyroxin causes the release of hyaluron-
idase from the mesenchymal cells which break
down the interfibrillar ground substance caus-
ing a fraying of fibers. Simultaneously, the epi-
thelium produces collagenolytic enzyme which
diffuses through the basement lamella causing
isolated and specific damage to the molecules
within the fibrils. The invading mesenchymal
cells envelop the collagen, and through the ac-
tion of their own proteases break down the
already damaged fibrils into peptides which
can be metabolized. The changes which occur
in tail fin fragments in culture morphologically
resemble the changes in metamorphosis in vivo.
We speculate that in the non-metamorphosing
state an inhibitor prevents the formation (or
activation) of collagenase in the epithelium and
the liberation of hyaluronidase from the mesen-
chymal cells. Thyroxin acts to block the hypoth-
esized inhibitor permitting the tissue to func-
tion, which means the production or activation
and liberation of enzymes which cause its own
resorption.
The fact that collagen synthesis in the tail
fin proceeds at the same rate during meta-
morphosis, and that there is a selective resorp-
tion of old fibrils with temporary sparing of
those newly synthesized, suggests that in order
to keep the organ functional throughout the
resorption period, there is continuous replace-
ment with a new temporary collagen scaffolding
which is ever smaller in size as a result of the
increasing rate and changing pattern of resorp-
tion.
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